Abstract. Glucose-6-phosphate dehydrogenase (G6PD) deficiency, a recessive X-linked trait, is the most common enzyme deficiency in the world. The most devastating clinical consequence of this deficit is severe neonatal jaundice, which results in sensorineural deficit, and severe haemolytic anemia. However, patients may be asymptomatic. The most common clinical sign is hyperbilirubinemia (h↑), that is also related to Gilbert's syndrome, a condition associated with the promoter polymorphism of the UDP-glucuronosyltransferase 1 (UGT1A1) gene. The aim of this study was to underline (as is usually done by DNA molecular analysis) to detect and to clarify the genetic deficiency that is the reason of the disorder in question. In this study, different techniques were applied to analyse a family of four individuals presenting with hyperbilirubinemia: bilirubinic dosage, electrophoresis and enzymatic activity dosage of G6PD; molecular analysis of the UGT1A promoter to detect a thymine-adenine (TA) insertion, that causes the [A(TA) 7 TAA] mutation. The results showed that in certain cases, the presence of hyperbilirubinemia is not only associated with G6PD deficiency, but may be caused by the co-presence of a mutation in the UGTA1 promoter related to Gilbert's syndrome. As being affected by these two conditions predisposes to adverse effects towards certain drug treatments, it is advisable to study the UGTA1 gene before prescribing drugs for specific antineoplastic or retroviral tratment. We emphasize that investigating both the UGT1A gene and G6PD activity is the most reliable way to make a correct differential diagnosis.
Introduction
Glucose-6-phosphate dehydrogenase (G6PD) deficiency is a common X-linked recessive (1,2) human hereditary disease, characterized by very low levels of the enzyme, G6PD. The genetic variability is considerable, more than 440 variants of the enzyme have been described (3) , distinguishable by their biochemical and functional characteristics, of which 86 are classified as polymorphic. In Italy, the highest incidence has been observed in areas where malaria was endemic, as although not fully understood, G6PD deficiency protects against severe malaria (Plasmodium falciparum) (4, 5) .
Basilicata, a region of Southern Italy, is no exception to this and in males from the province of Matera, there is an incidence of G6PD deficiency ranging from 2.8 to 7% (6) . Studies on the chemical and physical properties of the enzyme, and especially its electrophoretic mobility, have enabled us to distinguish two main varieties: a faster version called 'A' and another slower variation called 'B'. The B version is also called 'common type (wild-type)', as it is the most common, while type A is common to African populations.
Depending on the level of enzyme activity and clinical manifestations of G6PD, variants are divided into five classes (I, II, III, IV and V). Class increases with increasing level of enzyme activity and less severe clinical manifestations (Table I) .
Gilbert's syndrome is a form of chronic moderate hyperbilirubinemia caused by decreased hepatic bilirubin glucuronidation by UDP-glucuronosyl transferase 1 (UGT1A1). In different populations, there are a number of thymine-adenine (TA) repeats varying from 5 to 8, with an inverse correlation between promoter activity and number of TA repetitions: A(TA) 8 TAA promoter with reduced activity, A(TA) 7 TAA promoter with reduced activity (UGT1A1 * 28), A(TA) 6 TAA wild-type and A(TA) 5 TAA promoter with increased activity.
Study of a family in the province of Matera presenting
with glucose-6-phosphate dehydrogenase deficiency and Gilbert's syndrome
Most patients presenting with this disease are homozygous [A(TA) 7 TAA/A(TA) 7 TAA] for a TA insertion in the TATA box of the UGT1A1 gene promoter and have a 70% reduction in the glucuronidation of bilirubin (7, 8) . Hyperbilirubinemia may increase under certain conditions, such as prolonged fasting, especially fats, fever or infections. Besides jaundice, several patients may also develop abdominal pain, loss of appetite and fatigue. Despite liver disorders, clinical examination and the morphology of the liver are normal (9) . Therefore, we may speculate that the presence of jaundice is a condition that is always present in the case of Gilbert's disease, but it may be present even in the presence of G6PD deficiency.
D.D. (58 years of age) was admitted to our attention on July 2010 to be examined for G6PD deficiency. The request was motivated by the fact that D.D., following ingestion of two tablets of 500 mg acetylsalicylic acid 8 h apart from each other, had presented with the appearance of dark urine, fatigue, fever and hyperbilirubinemia, signs of haemolitic anemia. Previous laboratory clinical tests performed indicated the constant presence of unconjugated hyperbilirubinemia, which could be partially explained by the suspicion of G6PD deficiency. In addition, family history showed that unconjugated hyperbilirubinemia was also present in the mother (P.M.), son (D.S.) and daughter (D.G.) (Table II) . For these reasons, all members of the family were analyzed.
Materials and methods
The following tests were performed on all family members: A full blood exam with Sysmex XE 2100 (Dasit Cornaredo, Milan, Italy), with evaluation of the Hb, MCH, MCV, MCH and MCHC, as well as a laboratory test of total bilirubin levels, direct and indirect. Other tests included:
G6PD enzymatic activity. G6PD activity was measured as the difference between the activity of G6PD enzymes and 6 phosphogluconate dehydrogenase (6PGD). 6PGD enzyme activity was used as the internal reference. The association between the two enzymes is therefore an absolute measure that reflects the least individual variation of erythrocyte Hb content, the number of erythrocytes, the number of reticulocytes and leukocytes (G6PD/6PGD reference values: >1.22 normal activity; 0.95-1.22 normal activity with normal MCV; 0.95-1.22 normal activity with low MCV; 0.30-0.95 intermediate level; 0.01-0.30 deficient activities).
G6PD electrophoretic mobility. The G6PD electrophoretic mobility was evaluated with electrophoresis of hemolysates on cellulose acetate strips in pH 8.6 buffer solution (Tris-HCl, borate, EDTA). After a run at 150 V for 90 min, the strips were stained with a mixture composed of Tris-HCl (1 M), G6PD (10 ng/ml), NADP (5 ng/ml), MgCl 2 (1 M), NBT (2 mg/ml) and PMS (2 ng/ml) and incubated for 10 min at 37˚C in the dark (10) . On the basis of this method, an altered enzymatic state will have normal, fast or slow electrophoretic mobility.
Molecular characterization. After DNA isolation starting from 25 µl of blood, using the extraction kit of Promega Italy S.r.l. (DNA IQ™ System, cod. C6701), polymerase chain reaction (PCR) analysis was performed on the mutation-containing DNA segment. We studied the four mutations which appear to be the most frequent in Southern Italian regions: the Mediterranean, the Seattle, the A -and the Montalbano variants.
The molecular features of the mutations studied are listed in Table III . For the Mediterranean variant, a 267-bp fragment of exon VI containing the 563 C→T mutation was amplified; for the Seattle and Montalbano variants, the amplified fragment was a 646-bp fragment, including exons VII and VIII (844 G→C and 854 G→A at exon VIII). For the A -mutation, a 1,131-bp fragment was amplified corresponding to exons III-IV and V for recognition of the 202 G→A mutation at exon IV responsible for the enzymatic deficiency. The sequence of the primers for amplification is listed in Table IV . For the Mediterranean variant, the amplified DNA was cleaved into two fragments of 138 and 116 bp. The MboII specific restriction site is created only in the presence of a mutation resulting in fragments of In the case of A -and Mediterranean variants, enzymatic restriction was confirmed with ASO-probes. Then, the amplified correspondent of the DNA segments containing the mutation was denatured with 1 N NaOH and subjected to the dot-blot technique. Subsequently, the membrane was hybridized with specific wild-type and mutant 5'γ-32P-ATPlabeled oligonucleotides. The oligonucleotide sequences corresponding to the two variants examined are the following: for the Mediterranean variant, a wild-type oligonucleotide 5'-ACCACATCTCCTCCCTGTT-3' with a 58˚C hybridization temperature and a 60˚C washing temperature, and a mutant oligonucleotide 5'-AACAGGCACAAGATGTGGT-3' with a 56˚C hybridization temperature and a 58˚C washing temperature; for the A-variant, a wild-type oligonucleotide 5'-AGCCACATGAATGCCCTCC-3' with a 60˚C hybridization temperature and a 62˚C washing temperature, and a mutant oligonucleotide 5'-GGAGGGGCATCCATGTGGCT-3' with a 66˚C hybridization temperature and a 68˚C washing temperature. The hybridization was visualized by autoradiography at 80˚C for 1-2 h. This method permits the analysis of a large number of samples simultaneously.
Genotyping by direct sequencing of the UGTA1 gene. The TATA box region of the UGT1A1 gene promoter was amplified using specific primers (5'-AAGTGAACTCCCTGCTACCTT-3' and 5'-CCACTGGGATCAACAGTATCT-3') synthesized and provided by Invitrogen. PCR was prepared in 25 µl [1.5 mmol/l magnesium chloride (MgCl 2 ), 100 mmol/l deoxynucleotides (dNTPs), 80 nmol/l 'primer', 0.5 IU DNA polymerase (Taq polymerase) and 5 µl DNA] and amplified on a thermocycler 'Eppendorf Mastercycler' under the following conditions: 94˚C for 10 sec, followed by 30 cycles of three steps (94˚C for 30 sec, 58˚C for 40 sec and 72˚C for 30 sec). Taq polymerase, MgCl 2 and dNTPs were supplied by Applied Biosystems. The reaction sequence (forward and reverse) was prepared on the amplified products using the Big Dye Terminator VI.I Cycle Sequencing kit (Applied Biosystems) and the same primer of PCR reactions, but at a final concentration of 0.32 µM.
Direct sequencing was obtained by automatic sequencer ABI PRISM 310 Applied Biosystems and the results were analyzed using the Sequencing Analysis software. (Table V) and an electrophoretic pattern which showed 80% of normal migration rate (Fig. 1 ) associated to h↑ (indirect bilirubin, 1.7↑ mg/dl; normal range, 0.2-0.8 mg/ dl) and molecular evidence of mutation in the UGT1A gene in heterozygosity, showing a nucleotide substitution in exon 8 (854 G>A; Montalbano) (Table III) with an electrophoretic activity of class III (Table I) . P.M. (the mother) had a normal G6PD activity (1.38; Table V), and an electrophoretic pattern which showed a migration rate equal to the normal variation (G6PDB) (Fig. 1) , associated to h↑ (indirect bilirubin, 1.3↑ mg/dl) and molecular evidence of a heterozygous mutation in the UGT1A gene.
Results

Samples
D.S. (the son) had a normal G6PD activity (1.42; Table V) , and an electrophoretic pattern which showed a migration rate equal to the normal variation (G6PDB) (Fig. 1 ) associated to h↑ (indirect bilirubin, 2.50↑ mg/dl) and Gilbert's syndrome (molecular evidence of a homozygous mutation in the UGT1A gene).
D.G. (the daughter) had an intermediate G6PD deficiency (0.63; Table V), despite being female, as layonization was responsible for the disorder manifestation. The electrophoretic pattern showed a double band, one of paternal origin (with a migration rate equal to 80% of normal) and the other of maternal origin (with a migration rate equal to the normal variation G6PDB) (Fig. 1) . From a genetic perspective, the daughter had a gene for G6PD normal (maternal origin) and one mutated gene (of paternal origin 854 G>A; Montalbano). We did did not need to carry out a molecular genetic analysis Table IV . Sequence of the primers for amplification of the DNA fragment containing the studied mutations. of the G6PD gene for the daughter. Morever, this is a case of patient with Gilbert's syndrome (molecular evidence of a homozygous mutation in the UGT1A gene). This study shows that there are cases in which the presence of h↑ is not associated with G6PD deficit, but, such as in the analyzed family, is caused by the presence of a mutation in the UGTA1 promoter, related to Gilbert's syndrome.
For this reason, it is always advisable to perform a molecular analysis of the UGTA1 gene, especially in patients who, for health reasons, must undergo drug treatment, such as antineoplastic or retroviral. We emphasize that investigating both UGT1A gene and G6PD activity is crucial in order to obtain a differential diagnosis.
Therefore, it was evident that the isolated elevation of indirect bilirubin in all members of the family was not due to a single cause, a deficiency of G6PD, as suspected at first after the diagnosis of the father. Table II shows the levels of total bilirubin, direct and indirect, of the family members in question. The molecular analysis of the UGT1A1 gene promoter showed that D.D. and P.M. had the heterozygous mutation, an insertion of a dinucleotide 'TA repeat' [A(TA) 6 TAA/A(TA) 7 TAA] (Fig. 2) . The molecular analysis of the the UGT1A1 gene promoter in the children (D.S. and D.G.) showed that they were homozygous [A(TA) 7 TAA/A(TA) 7 TAA], the dinucleotide TA repeat in the TATA box of the promoter gene (UGT1A1 * 28) leading to reduced transcription and expression of Gilbert's syndrome (Fig. 3) .
Discussion
Gilbert's syndrome has always been considered a benign condition not associated with chronic liver dysfunction. However, recent studies have shown an association of the UGT1A1 gene with the toxicity of anticancer (irinotecan) (11, 12) and retroviral drugs (atazanavir) (13, 14) .
In particular, in patients treated with irinotecan, the presence of the variant UGT1A1 * 28 leads to increased levels of active metabolite 7-ethyl-10-idrossicamptotecina causing sideeffects (myelosuppression, diarrhea). In case of treatment with atazanavir, which does not seem to be an important substrate for glucuronidation, but is still able to inhibit UGT1A1, the presence of the variant UGT1A1 * 28 leads to a further decrease in enzyme activity resulting in major hyperbilirubinemia (15) .
The analysis of polymorphism of the UGT1A1 gene may therefore be useful from a clinical point of view to identify patients who may most benefit from drug treatment or to predict serious side-effects.
This study contends that, in some cases, the identification of subjects with a deficiency of erythrocyte G6PD or with Gilbert's jaundice, in itself does not justify the presence of jaundice. In certain cases, the identification of subjects with Gilbert's jaundice may present particular difficulties in interpretation by evaluating only the biochemical and hematological findings. For this reason, in the presence of chronic asymptomatic jaundice, the molecular study of the UGTA1 gene is always advisable, even if the familial diagnosis seems to be clear and established as G6PD deficiency, especially in patients who, for health reasons, must undergo anticancer (irinotecan) or retroviral (atazanavir) drug treatments. In addition, G6PD enzyme activity cannot be a predictor of the severity of clinical conditions. Molecular analysis is able to characterize the clinical phenotype, but it is not a predictor of hemolytic crisis.
